INTRODUCTION {#SEC1}
============

Transcription termination at the ends of genes and operons in bacteria occurs by two processes, factor independent (or intrinsic) and factor dependent, whose respective contributions are believed to be approximately equal in *Escherichia coli* ([@B1],[@B2]). The latter process is also known as Rho-dependent transcription termination (RDTT).

The molecular mechanism of RDTT is reasonably well characterized (reviewed in [@B1],[@B2],[@B3],[@B4],[@B5],[@B6]). Briefly stated, it is mediated by the binding to a nascent transcript of Rho protein, whose subsequent interaction with RNA polymerase (RNAP) in the transcription elongation complex leads to dissociation of the enzyme from the DNA template. The coupling of transcription with translation (which is the norm in bacteria) protects against RDTT within the open-reading frame (ORF) regions, since translating ribosomes sterically prevent Rho's access to the nascent transcript. A second protein NusG is also required for RDTT at some termination sites, and both Rho and NusG are essential for viability in several bacteria including *E. coli* ([@B1]).

RDTT has been suggested to participate, directly or indirectly, in several functions (that may not be mutually exclusive). These include: the silencing of horizontally transferred genes ([@B7]); maintenance of chromosomal integrity ([@B8]); prevention of gratuitous excision of prophages ([@B9]); regulation of gene expression by attenuation, small RNAs or riboswitches ([@B10]); suppression of pervasive antisense transcription ([@B16]); and avoidance of formation of excessive RNA--DNA hybrids or R-loops ([@B21]).

Antisense transcripts are those that are templated from the 'wrong' strand of ORFs in the genome. Although early studies had identified and characterized a limited number of such RNAs as regulators of gene product abundance, more recent data from next-generation-sequencing experiments have revealed an unexpected and substantial level of antisense transcription in both prokaryotes ([@B25]) and eukaryotes ([@B32]), which may be designated as the 'constitutive antisense transcriptome'.

Peters *et al.* ([@B16]) have subsequently shown that the potential for antisense transcription in *E. coli* is much higher than that suggested by the constitutive antisense data ([@B35],[@B36]), and that this potential is indeed kept in check by RDTT; in their study, following growth in the presence of sublethal concentrations of the Rho inhibitor bicyclomycin (BCM), there was a substantial increase in extent of antisense transcription in the cells. Their findings are consistent with the discovery of numerous intragenic promoters in *E. coli* ([@B37]) as well as with the concept that nascent untranslated transcripts are the target of RDTT ([@B1],[@B22]), since antisense transcripts are by definition not translated. RDTT has also been shown to inhibit antisense transcription in other bacteria ([@B17],[@B19]).

With respect to RDTT and R-loops, Leela *et al.* ([@B23]) have shown that the lethality conferred by deletion of *rho* or *nusG* in wild-type (WT) *E. coli* can be rescued by ectopic expression of UvsW, an R-loop helicase of T4 phage ([@B43],[@B44]). The model is that, in the absence of RDTT, nascent transcripts that are not being translated are prone to re-annealing with upstream template DNA to generate R-loops which are toxic ([@B22],[@B24]). By exploiting the property that C residues in the displaced single-stranded DNA of an R-loop suffer modification upon treatment with bisulfite, Leela *et al.* ([@B23]) were also able to infer the genome-wide locations of R-loops purportedly from both sense and antisense transcripts in *E. coli*, and to demonstrate their increased prevalence in a mutant deficient for RDTT.

In this work, we identify more than 500 sites on the *E. coli* chromosome from which antisense transcription is elevated in RDTT-deficient derivatives only when they are also expressing the R-loop helicase UvsW. These loci are well correlated with the antisense regions that were shown to be high-bisulfite-reactive by Leela *et al.* ([@B23]), suggesting that, for this subset, it is R-loop formation that precludes their detection following Rho inhibition alone.

MATERIALS AND METHODS {#SEC2}
=====================

Growth media, bacterial strains, plasmids and primers {#SEC2-1}
-----------------------------------------------------

Unless otherwise indicated, LB and minimal A (with 0.2% glucose) were used as rich and defined media ([@B45]), respectively, and the growth temperature was 37°C. Supplementation with ampicillin (Amp), kanamycin (Kan) and trimethoprim (Tp) were at concentrations described previously ([@B23]). Xgal was added at 25 μg/ml, and isopropyl β-D-thiogalactoside (IPTG) at the indicated concentrations in different experiments.

*Escherichia coli* strain SA1751 (λ *int^+^ xis439 cI857* \[*cro-chlA*\]Δ*H1*) used for preparation of supercoiled minicircle templates has been described earlier ([@B46]). All other strains are derivatives of the reference *E. coli* K-12 strain MG1655, and are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

The following plasmids have been described previously (salient features in parentheses): pSA508 (Amp^R^, for generation of supercoiled minicircle templates with multiple-cloning-site and Rho-independent terminator) ([@B46]); and pHYD2411 (Tp^R^, single-copy-number *rho^+^ lacZ^+^*) and pHYD2412 (Tp^R^, single-copy-number *nusG^+^ lacZ^+^*) ([@B23]). Other plasmids constructed in this study, and the primers used therefor, are described in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Immunoblotting with S9.6 monoclonal antibody {#SEC2-2}
--------------------------------------------

Immunoblotting with S9.6 monoclonal antibody (Kerafast, USA) for detection of RNA--DNA hybrids was performed essentially as described ([@B47]). Total nucleic acids were prepared by spooling following chloroform isoamyl alcohol extraction as described in Ausubel *et al.* ([@B50]) for preparation of chromosomal DNA, with the modification that the step of RNase treatment was omitted. Cultures of the WT strain GJ13519 grown to mid-exponential phase without or with 25 μg/ml (sublethal) BCM were used, and the yield was ∼10 μg per ml of culture. For each culture, a pair of 10--20 μg aliquots of the preparations was immobilized, with the aid of vacuum suction through a Bio-Dot microfiltration apparatus (Bio-Rad, USA) followed by UV-crosslinking at 1200 J/m^2^, on Hybond-N+ nylon membrane (Amersham Biosciences); one aliquot for each pair was treated with two units of RNase H for 1 h at 37°C before the immobilization. A 1:5000 dilution of the antibody preparation was used for immunoblotting overnight at 4°C, followed by reaction with enzyme-conjugated anti-mouse secondary antibody and detection with a chemiluminesence kit.

To determine the equivalence of immobilization of the different nucleic acid samples, the membrane was washed in water, soaked in 5% acetic acid with shaking for 15 min, and then stained with 0.05% methylene blue in 0.5 M sodium acetate buffer (pH5.2) ([@B51]).

For strain GJ13531 (Δ*rho* P*~tac~*-UvsW), an overnight-grown culture in glucose-minimal A supplemented with 150 μM IPTG was washed twice in minimal A and then inoculated 1:50 in fresh glucose-minimal A medium (without IPTG). This IPTG-depleted cell suspension was incubated for 12 h before it was processed for S9.6 immunoblotting as above; an aliquot of the culture was also plated on appropriate media to confirm the absence of accumulation in it of suppressors or contaminants. Cells from an IPTG-supplemented log-phase culture of GJ13531 were used as the control for this experiment.

Protocols for RNA-Seq experiments {#SEC2-3}
---------------------------------

Viable clones of the UvsW-expressing strains GJ13531 (Δ*rho*) and GJ13507 (Δ*nusG*) were obtained as white colonies from their respective shelter plasmid-carrying derivatives GJ13531/pHYD2411 and GJ13507/pHYD2412 on glucose-minimal A plates supplemented with Xgal and IPTG at 200 μM (for Δ*rho*) or 3 μM (for Δ*nusG*), as previously described ([@B23]).

Starting from single colonies, the following cultures were set up in triplicate for overnight incubation: GJ13507, GJ13519, GJ13531 and GJ13533 in glucose-minimal A; and GJ13519 also in 0.2% glycerol-minimal A. All the cultures were supplemented with 200 μM IPTG, with the exception of the cultures of GJ13507 whose supplementation with IPTG was at 3 μM. The overnight-grown cultures were each subcultured into 20 ml of fresh medium of the same composition, with an inoculum of 1:50 for GJ13507 and GJ13531 and of 1:100 for the remainder, and grown to an *A*~600~ of 0.4--0.45, before the cells were harvested for making the RNA preparations as described below. Growth rates for the cultures were determined, and are given in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. Aliquots of the cultures were also plated on appropriate media to confirm the absence of accumulation of suppressors or contaminants in any of them. At the appropriate optical density, culture growth was instantaneously arrested by addition of an equal volume of chilled 100% ethanol, and the cells were stored at −80°C until they were processed for RNA extraction. The cells were lysed and total RNA was prepared by the hot phenol method essentially as described ([@B52],[@B53]) after chromosomal DNA has been digested with RNase-free DNase. The quality of RNA preparations was validated by microchannel electrophoresis (Agilent, USA). Strand-specific RNA-Seq data were generated, following rRNA depletion with a Ribo-Zero kit, with the aid of the di-tagged cDNA strategy (ScriptSeq) on an Illumina NextSeq platform.

The sequence data from these experiments, as also from the other publicly available datasets \[Peters *et al.* ([@B16]); Larson *et al.* ([@B54]); and Sedlyarova *et al.* ([@B55])\], were then analyzed as described in the [Supplementary Data](#sup1){ref-type="supplementary-material"}.

*In vitro* transcription with supercoiled minicircle templates {#SEC2-4}
--------------------------------------------------------------

Techniques for DNA manipulations and polymerase chain reaction were as described ([@B50],[@B56]). Derivatives of plasmid pSA508 ([@B46]) each carrying the phage T7 A1 promoter and a specified *E. coli* genomic fragment were constructed as described in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}, and all the insert regions were sequence verified. Transformants of strain SA1751 carrying these plasmids were temperature-induced in one litre-culture volumes as described ([@B46]), to enable the generation of supercoiled minicircles that were then purified from 1.5% agarose gels following electrophoresis.

*In vitro* transcription reactions were each performed essentially as described ([@B57]), with 0.45 pmol of supercoiled minicircle DNA as template, 3 pmol of RNAP holoenzyme and ^32^P-α-CTP as radiolabel, in a total volume of 150 μl, with the modification that heparin was omitted from the mixture and the transcription reaction was stopped by heating to 65°C for 20 min. A total of 10 μl of the mix was retained as 'no-treatment' control; of the remainder, one-half was treated with two units of RNase H for 5 min and 0.5 μg/ml RNase A for 3 min ('A+H' sample) ([@B58]), while the other half was treated only with 0.5 μg/ml of RNase A for 3 min. ('A' sample). All three fractions were then treated with a stop-solution mix containing 70 μl of ice-cold precipitation buffer (40 mM ethylenediaminetetraacetic acid, 300 μg/ml salmon sperm DNA, 0.6 M sodium acetate), ethanol precipitated, and subjected to electrophoresis on denaturing 6% polyacrylamide--- 8 M urea gels followed by autoradiography, as described ([@B57]).

RESULTS AND DISCUSSION {#SEC3}
======================

R-loop abundance is increased under RDTT-deficient conditions {#SEC3-1}
-------------------------------------------------------------

To examine whether R-loops are more prevalent following Rho inhibition, we used S9.6 monoclonal antibody, which recognizes RNA--DNA hybrids ([@B59]) to perform immunoblotting experiments with total nucleic acid preparations from cultures grown without or with sublethal concentrations of BCM. The BCM-grown culture preparation displayed significantly more reactivity to S9.6 antibody than did the control; this reactivity was also abolished upon RNase H treatment, confirming that the antibody is specific to RNA--DNA hybrids (Figure [1A](#F1){ref-type="fig"}).

![Immunoblot with S9.6 monoclonal antibody of total nucleic acid preparations from cultures (**A**) of WT strain (GJ13519) grown without or with sublethal BCM at 25 μg/ml, and (**B**) of Δ*rho*-UvsW strain (GJ13531) grown under IPTG-replete or -depleted conditions. Where indicated, the nucleic acid preparations were treated *in vitro* with RNase H. To serve as loading controls, methylene blue-stained images of the blotted membranes are also shown.](gky118fig1){#F1}

We have earlier shown ([@B23]) that lethality conferred by Δ*rho* in WT *E. coli* can be overcome by expression of UvsW, the R-loop helicase from phage T4. Reactivity to S9.6 antibody was low in nucleic acid preparations from cells of the Δ*rho*-UvsW strain that had been grown in presence of the inducer IPTG needed for expression of UvsW, but it was strongly elevated in equivalent preparations from the culture that was growth-inhibited following IPTG withdrawal; once again, this signal was abolished upon treatment with RNase H (Figure [1B](#F1){ref-type="fig"}). We conclude that R-loops are increased in cells deficient for RDTT, and furthermore that UvsW expression under these conditions is correlated with both reduced R-loop prevalence and restoration of viability.

Heightened BCM sensitivity of RNase H-deficient mutants {#SEC3-2}
-------------------------------------------------------

In *E. coli*, RNA--DNA hybrids can be disrupted by the pair of endogenous RNase H enzymes I and II that are encoded, respectively, by *rnhA* and *rnhB*. BCM tolerance phenotypes for *rnhA* and *rnhB* mutants have been reported previously ([@B60],[@B61]), but only in the context of studies on whole-genome single-gene knockout collections. In a more detailed and systematic characterization of these phenotypes in the *rnhA* and *rnhB* single and double mutants, we found that the *rnhA* derivative is more sensitive than is the WT strain to inhibition by BCM at both 37 and 42°C ([Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}, respectively), and that the *rnhB* mutation confers no defect. The *rnhA rnhB* double mutant \[which is known to be growth-sensitive at temperatures of 37°C and above ([@B23],[@B62])\] was even more BCM-sensitive than *rnhA* alone at 30°C ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). These results indicate that the compromised ability in *rnhA* and *rnhA rnhB* mutants to remove R-loops is associated also with increased sensitivity to BCM.

Inverse correlation between Rho-inhibited antisense transcription and reactivity to bisulfite {#SEC3-3}
---------------------------------------------------------------------------------------------

Given both that Rho acts to terminate synthesis of nascent transcripts that are not simultaneously translated, and that such transcripts are also the perceived substrates for R-loop generation, we examined whether a correlation exists between those ORFs where antisense RNA synthesis had been induced following Rho inhibition by sublethal BCM \[in the data of Peters *et al.* ([@B16])\], and the sites of presumed high-antisense R-loop prevalence \[as had previously been determined in the bisulfite reactivity experiments ([@B23])\]; for the former, we applied a log~2~ induction ratio threshold of 3.

Against our initial expectation of a possible direct correlation between the two datasets, however, we in fact observed the opposite, that they were strongly inversely correlated across the entire range of bisulfite reactivity rankings (Figure [2](#F2){ref-type="fig"}; *R*^2^ = 0.97, *P* \< 0.002). Thus, whereas more than one-half of regions in the lowest-ranking interval of bisulfite reactivity exhibited BCM-induced antisense transcription, only one-sixth of those in the highest-ranking interval did so. This same counterintuitive pattern was observed even when the log~2~ BCM-induction ratio threshold was reduced to 2 ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}; *R*^2^ = 0.99, *P* \< 0.001). The median value for the BCM induction ratio also exhibited a progressive decline with increasing bisulfite reactivity (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}; *R*^2^ = 0.98, *P* \< 0.001 and *R*^2^ = 0.92, *P* \< 0.01, respectively). On the other hand, there was little or no correlation between the constitutive antisense transcriptome \[from each of two different datasets, namely those of Dornenburg *et al.* ([@B35]) and Peters *et al.* ([@B16])\], and the regions of varying bisulfite reactivity (Figure [2](#F2){ref-type="fig"}; *R*^2^ = 0.24, *P* = 0.39 and *R*^2^ = 0.38, *P* = 0.26, respectively, for the two datasets).

![Inverse correlation between BCM-induced antisense transcription \[Peters *et al.* ([@B16])\] and bisulfite reactivity. Across the different intervals of bisulfite reactivity percentiles are plotted both the fraction of BCM-induced antisense loci (filled triangles), and the median induction ratio of antisense transcripts for these loci (open circles), within each interval. Also shown (interrupted lines) are the fractions of the constitutively transcribed antisense loci (i.e. \>80th percentile in the WT strain) for each of the intervals, the data for which have been taken from Peters *et al.* ([@B16]) (filled squares, constitutive fraction 1) and Dornenburg *et al.* ([@B35]) (filled diamonds, constitutive fraction 2).](gky118fig2){#F2}

To account for this apparent paradox of inverse correlation between two phenomena that are individually both ostensibly upregulated upon Rho inhibition, we postulated that if a nascent antisense transcript synthesized following Rho inhibition were to form an R-loop, it would inhibit movement of succeeding RNAP molecules and hence lead to reduced transcript abundance for that locus ([@B63]). Thus, only those RNAs would be identified as BCM-induced that do not form R-loops when they are synthesized following Rho inhibition. Such a model could explain the progressive under-representation of BCM-induced antisense transcription loci with increasing bisulfite reactivity.

Antisense transcriptomes in RDTT-deficient strains expressing an R-loop helicase {#SEC3-4}
--------------------------------------------------------------------------------

One prediction of our model is that the antisense transcription sites above which are under-represented because of R-loop formation will be revealed upon concomitant expression of an R-loop helicase in the RDTT-deficient strain. (Of course, the transcripts previously identified as BCM-induced \[that is, which do not form R-loops\] would also be expected to be present in this strain).

Accordingly, we designed strand-specific RNA-Seq experiments to determine the transcription profiles in triplicate cultures of Δ*rho* or Δ*nusG* derivatives expressing UvsW (designated hereafter as Δ*rho*-UvsW and Δ*nusG*-UvsW, respectively). We also generated RNA-Seq data for cultures of the WT (*rho*^+^*nusG*^+^) strain, and of the WT strain expressing UvsW (WT-UvsW), as controls.

After the sequence reads were aligned to the reference *E. coli* genome, base read counts (normalized to both ORF length and aggregate read counts) were determined for sense and antisense strands of each of 4091 ORFs that together comprise 84% of the chromosome length in WT *E. coli* ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, sheet 1). (In the process, we confirmed both the Δ*rho* and Δ*nusG* status of the test strains and that the Δ*nusG* derivative exhibited a 5-fold increase in transcription of the autoregulated *rho* gene, which is consistent with western blot data from an earlier study ([@B66])). Normalized base read counts were similarly computed for these ORFs from the data of Peters *et al.* ([@B16]) for cultures that had been grown without or with BCM ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, sheet 1).

Antisense transcripts induced by BCM are also expressed in Δ*rho*-UvsW strain {#SEC3-5}
-----------------------------------------------------------------------------

We initially established that UvsW expression alone had negligible effect on global antisense transcription (Figure [3A](#F3){ref-type="fig"}, log~2~ median ratio of antisense expression for WT-UvsW relative to WT = 0.14, 95% confidence interval \[CI\] = 0.13--0.15), whereas there was substantial induction of antisense expression with either sublethal BCM exposure \[from data of Peters *et al.* ([@B16])\] or in the Δ*rho*-UvsW derivative (log~2~ median ratios relative to WT, respectively, 2.26 \[95% CI = 2.19--2.33\] and 2.61 \[95% CI = 2.55--2.67\]) (Figure [3A](#F3){ref-type="fig"}).

![Analysis of antisense RNA-Seq data from RDTT-deficient strains expressing UvsW. (**A**) Box plot representations of the log~2~ antisense expression ratios (relative to glucose-grown WT) for the strains WT-UvsW, Δ*rho*-UvsW and Δ*nusG*-UvsW (labeled, respectively, as UvsW/WT, Δ*rho*/WT and Δ*nusG*/WT), as well as for the culture grown in presence of BCM to that in its absence (BCM/Nil BCM) \[taken from the data of Peters *et al.* ([@B16])\]. (**B**) Heat map representation of the ratio data from panel A for the pair: BCM/Nil BCM and Δ*rho*/WT; hierarchical clusters were ordered by complete linkage method. Regions marked 'I' and 'II' are explained in the text. (**C**) Frequency distribution curves, across the range of Δ*rho*-UvsW RoR percentiles, of antisense loci that are (i) above the 80th percentile (orange circles) and (ii) below the 20th percentile (blue diamonds) of bisulfite reactivity. (**D**) Frequency distribution curves, across the range of bisulfite reactivity percentiles, of high-RoR antisense loci determined from the following comparisons: Δ*rho*-UvsW to WT grown in glucose (red diamonds); Δ*nusG*-UvsW to WT grown in glucose (blue triangles); and Δ*rho*-UvsW to WT grown in glycerol (black circles). (**E**) Representation, on map of circular *Escherichia coli* chromosome, of 535 high-RoR antisense regions in the Δ*rho*-UvsW strain, corresponding to ORFs oriented clockwise (orange, middle circle) and counterclockwise (green, inner circle). Genome coordinates (in Mb) are marked on the outer circle.](gky118fig3){#F3}

As mentioned above, the expectation from our model was that antisense transcripts that do not form R-loops \[and thus had been detected earlier as BCM-induced ([@B16])\] would also be present in the Δ*rho*-UvsW strain, and that the latter would additionally contain the R-loop forming antisense RNAs as well. These expectations were validated upon inspection of the heat map representation of the log~2~ induction ratios for all 4091 antisense regions in the two sets of data (Figure [3B](#F3){ref-type="fig"}). For the subset of regions marked 'I' in Figure [3B](#F3){ref-type="fig"}, there was for the major part either no induction or approximately equivalent induction of antisense expression both upon BCM addition and in Δ*rho*-UvsW; in addition, there was also a subset (marked 'II' in Figure [3B](#F3){ref-type="fig"}) that was more prominently induced in Δ*rho*-UvsW than in the BCM-exposed cultures. These data also serve to confirm our previous finding ([@B23]), this time on a genome-wide scale, that in rescuing Δ*rho* lethality, UvsW expression does not reverse the transcription termination defect in the strain.

Identification of novel antisense transcripts that are abundant only with combined RDTT deficiency and UvsW expression {#SEC3-6}
----------------------------------------------------------------------------------------------------------------------

To follow-up on the heat map data and to identify antisense regions that were differentially induced upon the combined influence of RDTT deficiency and R-loop helicase expression compared to that with RDTT deficiency alone, we determined the ratio of ratios (RoR) for the antisense strand of each of the ORFs. In the RoR calculation, the numerator and denominator ratios were the magnitudes of induction, respectively, (i) in Δ*rho*-UvsW (relative to WT) from our data, and (ii) by sublethal BCM (relative to the cultures without BCM) in the data of Peters *et al.* ([@B16]). The expectation was that high-RoR regions would represent those in which R-loop formation had precluded their induction by BCM addition alone.

For antisense regions which are high-ranking (\>80th percentile) for bisulfite reactivity (that is, with presumed maximal R-loop prevalence), the frequency distribution plot showed a strong direct correlation with RoR for the Δ*rho*-UvsW derivative (Figure [3C](#F3){ref-type="fig"}; *R*^2^ = 0.99, *P* \< 0.001). The converse was also true, in that antisense regions that were the least ranking (\<20th percentile) for bisulfite reactivity (minimal R-loop prevalence) exhibited a strong inverse correlation and were under-represented at high RoRs (Figure [3C](#F3){ref-type="fig"}; *R*^2^ = 0.93, *P* \< 0.01).

From the data, we then identified 535 sites of antisense transcription that fulfilled the following criteria to indicate that they are transcribed preferentially only under the combined conditions of Rho deficiency and UvsW expression (compared to that with Rho inhibition alone): log~2~ ratio of induction by BCM in data of Peters *et al.* ([@B16]) \<3; log~2~ ratio of expression in Δ*rho*-UvsW strain relative to WT \>2; and RoR \>80th percentile (corresponding to log~2~ RoR of around two and above). Their distribution showed a strong positive correlation across the range of ranks of bisulfite reactivity, with a 3.5-fold difference in numbers between the highest and lowest quintile rank intervals (Figure [3D](#F3){ref-type="fig"}; *R*^2^ = 0.97, *P* \< 0.003). When the criterion relating to BCM induction was modified to log~2~ ratio \<2, the identified antisense region numbers were decreased to 412 but the strong positive correlation across the range of ranks of bisulfite reactivity remained, this time with a 5-fold enrichment for the highest rank interval compared to the lowest ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}; *R*^2^ = 0.91, *P* \< 0.01).

Taken together, these findings are strongly supportive of the model that a subset of antisense loci which are transcribed following Rho inhibition suffer R-loop formation and therefore need expression of an R-loop helicase as well for their detection. The 535 regions identified, which we refer to below as high-RoR antisense regions, are organized in 370 clusters and show a fairly uniform distribution across the genome on both strands ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, sheet 2; see also Figure [3E](#F3){ref-type="fig"}). Given that UvsW expression alone had no significant effect on antisense expression (Figure [3A](#F3){ref-type="fig"}), these results suggest that the majority of R-loops upon which the helicase acts are formed only after inhibition of RDTT.

Analysis of antisense transcription in representative high-RoR clusters {#SEC3-7}
-----------------------------------------------------------------------

For two representative high-RoR clusters, a contig analysis of the RNA-Seq read data clearly established the occurrence of novel antisense transcripts that could span multiple ORF boundaries and extend even beyond 10 kb in their length (Figure [4](#F4){ref-type="fig"}). These RNAs were present only in the Δ*rho*-UvsW strain, but not in the WT strain nor in cultures exposed to just one of the two perturbations in isolation (BCM addition, or UvsW expression).

![Contig analysis of sequence data from two representative genomic regions. For each panel, genome coordinates (in kb) and ORF annotations are given at the bottom. Plotted are the base-specific read numbers, with an upper cut-off limit at 100, in the data for RNA preparations from one replicate each of the following cultures: WT, glucose-grown GJ13519; (+) BCM sublethal, culture grown with sublethal BCM in study of Peters *et al.* ([@B16]); WT-UvsW, GJ13533; Δ*rho*-UvsW, GJ13531; (+) BCM lethal, culture harvested after lethal BCM exposure in study of Sedlyarova *et al.* ([@B55]); and (+) BCM sublethal (Net-Seq), culture grown with sublethal BCM in study of Larson *et al.* ([@B54]). In both the panels, data for only one strand (bottom) is shown which is antisense for the ORFs in clockwise orientation. ORFs have been alphabetically listed in the following order (from left to right): left panel, *fixA, -B, -C, -X, yaaU, kefF, -C, folA, apaH, -C*; and right panel, *narK, -G, -H, -J, -I, tpr, purU*.](gky118fig4){#F4}

To obtain a more fine-grained insight from the RNA-Seq data, we determined the read counts for successive 100-base regions across the genome for both strands, and calculated log~2~ ratios (relative to WT) after normalization and thresholding, as described in the [Supplementary Data (Supplementary Table S4, sheet 3)](#sup1){ref-type="supplementary-material"}. Plots for the representative examples of antisense regions that display unchanged transcription (nil or constitutive) under all conditions, transcription with RDTT deficiency, and transcription for multi-ORF clusters only upon combined RDTT deficiency and UvsW expression, are shown in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}. Our data indicate once again that at multiple loci, antisense transcripts are detected only with the last combination, and that the induction is quite marked (\>100-fold) under these conditions. These high-RoR regions were also the ones that exhibited high bisulfite reactivity.

Sense transcription is not inhibited in Δ*rho*-UvsW strain {#SEC3-8}
----------------------------------------------------------

In cells of the Δ*rho*-UvsW strain, antisense RNAs comprised 22% of the total non-rRNA abundance (determined as the average of data for the three replicate cultures). Nevertheless, sense transcription in the Δ*rho*-UvsW strain was not inhibited (and in fact was moderately elevated), as determined both for the full set of 4091 ORFs (log~2~ median expression for WT and Δ*rho*-UvsW, respectively, 6.01 \[95% CI = 5.90--6.11\] and 6.45 \[95% CI = 6.40--6.51\]) and for the subset of 535 'high-RoR' ORFs (corresponding values, respectively, 5.71 \[95% CI = 5.44--5.98\] and 6.02 \[95% CI = 5.87--6.18\]) (see [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). Our findings are in agreement with the conclusions of Peters *et al.* ([@B16]) that increased antisense transcription following Rho inhibition is not associated with concomitant decrease in sense transcription.

Antisense transcription is similarly affected by UvsW expression in Δ*nusG* as in Δ*rho*, and is unrelated to growth rate changes {#SEC3-9}
---------------------------------------------------------------------------------------------------------------------------------

From the box plot representation (Figure [3A](#F3){ref-type="fig"}), it was evident that antisense expression in Δ*nusG*-UvsW was increased relative to that in WT (log~2~ median induction ratio = 1.54, 95% CI = 1.49--1.58), but to a less extent than in Δ*rho*-UvsW. It is known that RDTT is compromised more severely in absence of Rho than in absence of NusG ([@B7],[@B16],[@B67],[@B68]).

From the Δ*nusG*-UvsW data, high-RoR antisense regions were determined by the approach similar to that described above for the Δ*rho*-UvsW strain, with the modification that a lower threshold of log~2~ induction ratio \>1 (relative to WT) was employed. The frequency distribution of the high-RoR regions in Δ*nusG*-UvsW was moderately positively correlated across the range of ranks of bisulfite reactivity (Figure [3D](#F3){ref-type="fig"}; *R*^2^ = 0.78, *P* \< 0.05).

Peters *et al.* ([@B16]) had shown that antisense transcripts induced upon BCM addition can be divided into two categories depending upon whether they are, or are not, also induced in NusG-deficient cells; they had designated the cognate sites of Rho termination as, respectively, NusG-dependent and NusG-independent, whose relative proportion was ∼1:4 across the genome. The latter also exhibited stronger 'rho utilization' sites, with higher C/G ratios in the transcript sequences, than the former.

A comparative analysis of antisense transcription data for the Δ*rho*-UvsW and Δ*nus*G-UvsW derivatives was reasonably consistent with the findings above of Peters *et al.* ([@B16]). Thus, in the heat map representation of the 535 high-RoR antisense regions \[which are completely non-overlapping with the BCM-induced regions of Peters *et al.* ([@B16])\], both NusG-dependent (that is, also induced in Δ*nus*G-UvsW albeit to less extent than in Δ*rho*-UvsW) and NusG-independent subsets could be identified, which are demarcated as 'I' and 'II', respectively, in Figure [5](#F5){ref-type="fig"}. The median C/G ratio of the deduced antisense transcript sequences for the NusG-independent subset of 353 regions (log~2~ induction ratio for Δ*nus*G-UvsW relative to WT \<1) was 1.14, which was significantly higher than that for the NusG-dependent subset of 182 regions, at 1.07 (*P* \< 10^--5^, Mann--Whitney U test).

![Heat map representation of log~2~ antisense expression ratios (relative to glucose-grown WT) for the strains Δ*rho*-UvsW and Δ*nusG*-UvsW (labeled, respectively, as Δ*rho*/WT, and Δ*nusG*/WT) with respect to the 535 high-RoR regions; hierarchical clusters were ordered by wardD2 linkage method. Regions marked 'I' and 'II' are explained in the text.](gky118fig5){#F5}

To exclude the possibility that slow growth of Δ*rho*-UvsW and Δ*nusG*-UvsW derivatives (relative to WT) may account for the differences in their transcriptomes, we also performed RNA-Seq analyses for triplicate cultures of the WT strain grown with glycerol, wherein the growth rate was about 60% of that for glucose-grown cultures \[[Supplementary Table S3](#sup1){ref-type="supplementary-material"}, see also ([@B69])\]. A strong correlation was observed when the log~2~ antisense RNA induction ratios for the Δ*rho*-UvsW strain, calculated relative to the WT strain grown with glucose on the one hand or glycerol on the other, were compared ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}; *R*^2^ = 0.84, *P* \< 10^--15^). The distribution of high-RoR regions determined from the data for the glycerol-grown cultures (using the same criteria as that for the glucose-grown cultures) was also positively correlated across the range of ranks of bisulfite reactivity (Figure [3D](#F3){ref-type="fig"}; *R*^2^ = 0.99, *P* \< 0.0003).

R-loops are generated in a high-RoR antisense region during *in vitro* transcription {#SEC3-10}
------------------------------------------------------------------------------------

R-loops generated during *in vitro* transcription can be identified by the property that the radiolabeled transcripts would be resistant to RNase A and sensitive to RNase H ([@B58]). We generated templates ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) in antisense orientation from both a region (*flgF*) exhibiting high-antisense RoR, and a second control region (*tfaD*) whose antisense transcription was induced to equivalent extent either by BCM alone or in the Δ*rho*-UvsW derivative (bisulfite reactivity percentiles 100 and 4.9, respectively; see Figure [6D](#F6){ref-type="fig"}). The DNA fragments were cloned such as to reside downstream of the phage T7 A1 promoter and upstream of a Rho-independent terminator. Since R-loop formation is facilitated by negative supercoiling ([@B70]), the templates were prepared as supercoiled minicircles by a protocol of *in vivo* site-specific recombination from plasmids, as previously described ([@B46]) (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}).

![Detection of R-loops during *in vitro* transcription. (**A**) Schematic depiction of supercoiled minicircle template following excision from pSA508 derivative, with cloned genomic fragment between T7 A1 promoter and Rho-independent terminator. (**B**) Agarose gel electrophoregrams of pSA508 derivatives \[bearing antisense (AS) orientations of fragments from *tfaD* and *flgF*\] following temperature induction in SA1751 cultures (left), and after purification of the supercoiled minicircles (right). Arrows denote 1-kb band in each of the two marker lanes. (**C**) Autoradiographs following denaturing gel electrophoresis of *in vitro* transcription products from the supercoiled minicircles, before (left panel) and after (right panel) treatment with RNase(s) A or A with H (A+H), as indicated. Lanes for samples without RNase treatment were loaded with one-seventh of the amounts loaded on each of the lanes for RNase-treated samples. (**D**) Plots of the log~2~ antisense expression values for the *tfaD* and *flgF* loci for cultures of WT strain without (Nil BCM) and with sublethal BCM (+ BCM) \[data from Peters *et al.* ([@B16])\], and from this study for WT and Δ*rho*-UvsW cultures. Genome coordinates (in kb) and ORF annotations are marked, with the antisense bisulfite reactivity percentile indicated in parentheses beside each ORF. Direction of antisense transcription is shown by the interrupted arrow.](gky118fig6){#F6}

Following *in vitro* transcription from the pair of supercoiled minicircle templates, RNase A-resistant transcripts were observed only for the *flgF* ORF region in its antisense orientation (Figure [6C](#F6){ref-type="fig"}); these transcripts were sensitive to digestion by RNase H. Transcripts from the control *tfaD* antisense template were fully RNase A-sensitive (Figure [6C](#F6){ref-type="fig"}). We conclude that transcripts from a high-RoR antisense region do form R-loops *in vitro* on a supercoiled template.

Antisense expression analyses in other transcriptome datasets of Rho inhibition {#SEC3-11}
-------------------------------------------------------------------------------

We analyzed two other public sets of *E. coli* transcriptome data related to RDTT ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}, sheet 1): one was of nascent transcript sequencing (Net-Seq) ([@B54]) from cultures without or with sublethal BCM, that is, conditions that were similar to those employed earlier for RNA-Seq by Peters *et al.* ([@B16]); and the other was from RNA-Seq experiments of cultures without or with exposure for 20 min to lethal concentrations of BCM ([@B55]). As described below, the former set \[Net-Seq with sublethal BCM ([@B54])\] resembled that of Peters *et al.* ([@B16]), whereas the latter \[RNA-Seq with lethal BCM ([@B54])\] was similar to that from the Δ*rho*-UvsW derivative.

Thus, the BCM-induced antisense regions from the Net-Seq data exhibited an inverse correlation in their distribution across the range of ranks of bisulfite reactivity, whereas those from the lethal-BCM exposure experiment showed no significant correlation ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}; *R*^2^ = 0.98, *P* \< 0.001 and *R*^2^ = 0.57, *P* = 0.13, respectively). Furthermore as depicted in [Supplementary Figure S6B](#sup1){ref-type="supplementary-material"} for the 535 high-RoR antisense regions identified above, there was little induction following sublethal BCM exposure of synthesis of both free transcripts (data of Peters *et al.* ([@B16])) and nascent transcripts (Net-Seq data) (log~2~ median induction ratios, respectively, 1.05 \[95% CI = 0.92--1.18\] and 1.32 \[95% CI = 1.23--1.41\]); on the other hand, these regions were induced by lethal BCM exposure (log~2~ median induction ratio = 4.89 \[95% CI = 4.76--5.02\]) to the same extent as in the Δ*rho*-UvsW derivative (log~2~ median induction ratio = 3.85 \[95% CI = 3.72--3.97\]). The same pattern was noted in the contig analysis of the sequence read data as well, wherein lethal BCM exposure was associated with strong antisense transcription of those regions that were not induced by sublethal BCM (Figure [4](#F4){ref-type="fig"}).

The finding that relative antisense transcript abundance in the high-RoR regions (in absence of UvsW expression) is low when the Rho deficiency is chronic (after sublethal BCM exposure for several hours), and high when it is acute (after lethal BCM exposure for 20 min), suggests that R-loops at these sites may accumulate with time, and furthermore that these R-loops then act to block progressive rounds of transcription elongation ([@B63]).

CONCLUSIONS {#SEC4}
===========

We have shown here that transcripts from more than 500 antisense loci are synthesized in RDTT-deficient strains predominantly only when UvsW is also expressed in them. These high-RoR regions were also correlated with the loci that had previously been inferred, based on their reactivity to bisulfite, to be R-looped *in vivo*. The simplest interpretations for these observations is that at a subset of regions where antisense transcription occurs following Rho inhibition, R-loops are generated that serve as road-blocks for further transcription ([@B63]); and that UvsW's action as an R-loop helicase relieves the road-blocks at these regions. The direct demonstration (i) in Rho-deficient cells of elevated R-loop prevalence that is alleviated upon UvsW expression, and (ii) of R-loop occurrence during *in vitro* transcription at a high-RoR antisense locus, supports this model. In an earlier study ([@B23]), we had also shown that UvsW expression rescues the inviability of an *rnhA rnhB* double mutant at 42°C.

Apart from its R-loop helicase activity, UvsW has also been shown to possess activity *in vitro* as a junction DNA helicase that can catalyze branch migration and fork regression reactions ([@B71]). It has also been suggested that the mechanism of UvsW's action in rescuing Δ*rho* or Δ*nusG* lethality may perhaps be related to its ability to resolve problems related to DNA replication in the mutants ([@B75]). In the context of the present study, however, it is quite unlikely that UvsW's DNA junction helicase activity would explain the detection of novel antisense RNAs in RDTT-deficient cells from the loci of high bisulfite reactivity. Indeed, the strong and direct correlation established in this study, between bisulfite-reactive loci and the sites of novel antisense transcription, offers mutual reinforcement to the twin notions (i) that the former represent R-looped regions, and (ii) that the latter reflect UvsW's ability to unwind them.

Thus, three categories of bacterial antisense transcription may be envisaged (Figure [7](#F7){ref-type="fig"}). The first is constitutive antisense transcription whereas in the second and the third, transcripts are only synthesized following Rho inhibition. The second category are antisense RNAs that do not form R-loops whereas the third category (represented by the transcripts from high-RoR regions) form R-loops. The features that distinguish between the latter two categories remain to be determined; previous genome-scale studies in other organisms have variously implicated high levels of transcript expression, as well as different characteristics of the RNA sequences such as G-richness and G/C skew or poly-A tracts and A/T skew, for R-loop formation ([@B76]).

![Model to explain three categories of bacterial antisense transcription; see text for details.](gky118fig7){#F7}

The fact that the Δ*rho*-UvsW derivative, containing high levels of antisense RNAs, is viable (while Δ*rho* is lethal) suggests that the antisense transcripts themselves are not toxic and that they become so only upon associating with DNA to form R-loops. Rho's essential role therefore is in curtailing antisense transcription and consequential R-loop formation. Rho is essential for viability in many other bacteria including major pathogens such as *Mycobacterium tuberculosis* ([@B20]), and here too it is possible that R-loops from untranslated antisense transcripts are the cause of lethality under the Rho-deficient conditions.

R-loop toxicity may be caused not only by transcriptional road-blocking as mentioned above ([@B63]), but also by arrest and titration of RNAP molecules ([@B41]), impedance of replication fork progression ([@B81],[@B82]), and aberrant initiation of DNA replication ([@B24],[@B83],[@B84]). Washburn and Gottesman ([@B8],[@B75]) have earlier suggested that Rho inhibition can lead to transcription-replication conflicts and thus to loss of genome integrity, which is consistent with the model for R-loop toxicity in bacterial cells. In eukaryotes as well, R-loops are now similarly recognized to be a major contributor to compromise of genomic integrity and thus to cancer pathogenesis ([@B85]), and action of an R-loop helicase has recently been shown to ameliorate R-loop toxicity in mammalian cells ([@B90]).
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